Introduction
Electron collisions with excited atoms have been a topic of great interest for more than two decades. Excited atoms are characterized by large internal excitation energies, low ionization potentials and high dipole polarizability, which can dramatically affect the behaviour of collisions. Recently, systematic research work on electron-excited atom collisions has been carried out. Early investigations have been discussed by Moiseiwitsch and Smith [1] . A comprehensive review can be found in the article of Christophorou and Olthoff [2] . Experimental measurements and theoretical calculations have revealed the significant differences of physical description between excitation out of the ground levels and excitation out of the metastable levels. The study of electron interactions with excited atoms can offer a new way to test our understanding of the basic interactions in the many-body system due to its unique features.
A number of experimental and theoretical studies have been conducted on the scattering of slow electrons by excited helium atoms, especially for the 2 3 S state of helium. The first absolute measurement of the total electron scattering cross section for the metastable helium atom (2 3 S) was made by Neynaber et al [3] . Similar measurements were reported by Wilson and Williams [4] . The early experimental work on excitation into and out of metastable levels of rare gas atoms has been reviewed by Lin and Anderson [5] . In the late 1990s, Piech et al [6, 7] have also reported measurements of absolute direct cross section for electron excitation out of the 2 3 S level and into excited levels of the helium atom. Most recently, Uhlmann et al [8] used laser-cooling and trapping techniques to produce a localized, high-density source of metastable He (2 3 S) atoms for electron collision experiments. They reported absolute measurements of the total scattering cross sections for low impact energy (5-70 eV) electrons by the metastable helium (2 3 S) atom. Compared with the experimental data on scattering cross section of the 2 3 S state, the experimental data of the 2 1 S state are limited. The only measured total cross sections for electron scattering on 2 1 S helium have been reported by Wilson and Williams [4] .
Theoretical studies of excitation out of the metastable 2 1 S state of helium to the higher level cross sections have been performed by a number of approaches: the multichannel eikonal theory (MET) of Flannery and McCann [9] , the binary encounter and Born approximation calculation of TonThat et al [10] , the Hartree frozen-core approximation of Badnell [11] , the R-matrix method (RMM) of Fon et al [12] and Berrington et al [13] , the classical and semiempirical binary encounter approximation (CBEA and SBEA) of Margreiter et al [14] , the first-order many-body theory (FOMBT) and the distorted-wave approximation (DWA) of Cartwright and Csanak [15, 16] , the R-matrix with pseudostates calculation (RMPS) of Bartschat [17, 18] , the convergent close-coupling (CCC) method of Bray et al [19, 20] , Fursa et al [21] and Ralchenko et al [22] . In contrast to the corresponding ground state of helium, there are significant discrepancies for metastable helium between recent experimental measurements and state-of-the-art calculations such as the CCC or RMPS. It is also interesting to note that a long-standing discrepancy between theoretical predictions (CCC, RMPS) and experimental measurements exists for the ionization of metastable helium. At the same time, different theoretical calculations produce significant different results. It reflects the difficulty of giving accurate theoretical description for the dynamic of electron scattering by excited atoms. Thus, extended theoretical and experimental efforts on studies of excitation out of metastable states should be necessary. The previous calculations indicate that large dipole polarization potential dominates the scattering process and it is possible that the calculated cross section is significantly affected by channel couplings, including coupling with continuum channels. The lowering of ionization threshold energy makes electron impact ionization a more favourable process for the excited species. Therefore, including the continuum should be an important factor in obtaining accurate scattering cross sections.
In the CCC and the RMPS methods, pseudostate expansions have been used to mimic continuum. These calculation results depend on the size and L values of the pseudostates. In the present work, we extend momentum space coupled channels optical (CCO) calculation [23] to collisions of electrons with the excited helium 2 1 S state. In this work, the lowest ten physical channels are included in the P-space. The ionization continuum is described by adding an ab initio complex polarization potential to the coupling potential in the Q-space. The real part of this potential presents virtual excitation, i.e. the polarization of target. The imaginary part of the potential describes the continuum states of the target. An equivalent-local approximation for the matrix elements of the complex polarization potential has been made for computational feasibility. The CCO method had been used for electron scattering from the 2 3 S state of helium [24] which showed good agreement with experimental data. In this paper, results of ionization cross sections, total cross sections and excited cross sections for excitation out of the metastable 2 1 S level of helium into the higher excited states is reported at low to intermediate energies. In section 2, the theoretical formulation and details of the calculations are outlined. The comparisons with experimental data and other theoretical data are represented in section 3. The conclusions are discussed in section 4.
Theoretical details
A detailed description of the coupled channels optical method for electron-atom scattering has been given by McCarthy and Stelbovics [23] . Further details of the generalization of the CCO to allow for many-electron targets have been given by Bray et al [25] . Here, we briefly review the essential features of the CCO model. The total cross section for the electronexcited target system is calculated by solving the CCO equations [23] :
where
is the T-matrix element for the transition from the initial channel state |0k 0 to the excited channel |ik . Here k 0 is the projectile momentum and k is the arbitrary momentum. The ket
0 (k) is the formally exact solution of the system Schrödinger equation with total energy E for entrance channel 0. The target states |ϕ j are defined by the target Hamiltonian H T :
where ε j is the energy of the target state |j . The target states are described in a configuration-interaction (CI) representation.
Here, the space of target states has been split into two parts. In the present calculation, the P-space consists of the ten channels: 2, 3, 4 1 S, 3, 4 3 S, 2, 3 1 P, 2, 3 3 P, 3 1 D. Sufficient P-space states are included for convergence. The Q-space is the continuum.
The optical potential V (Q) is the channel-coupling potential V plus a polarization potential W (Q) that describes the excitation of the part of the continuum being investigated. The optical potentials describing the target continuum are in the channel couplings of the P-space.
The form used here for the matrix element of the polarization potential is
where (−) n represents the time reverse of the exact state of vector for a reaction starting in channel n. The notation n is a discrete notation for the three-body ionization continuum channels. Spin dependence is implicit in the notation. We use the LS-coupling representation for that which is due only to election exchange.
For the polarization potential V (Q) the model used is
where q > and q < are the greater and lesser, respectively, of the absolute momenta of the outgoing particles. Ionization is described in the independent-particle model, where c is the remaining core (in the present calculation, He + is in 1s state) and r|ψ (−) (q < ) is a Coulomb wave orthogonalized to the orbital from which the electron is removed.
An equivalent-local approximation is made for whole polarization potential. This is achieved by an angularmomentum projection:
The calculation is done for the complex one-dimensional functions:
The
and S is the total electron spin quantum number. The corresponding integral cross section is
The ionization cross section is given by the optical theorem [26] , instead of including all the states of the P-space in solving equation (1) . This results in
Results and discussion
The target bound states |ϕ i are represented by configurationinteraction (CI) wavefunctions, which are constructed by all allowed excitations of electrons in the 1, 2, 3, 4s; 2, 3p and 3d Hartree-Fock orbitals, with higher excitations allowed for by s, p and d pseudo-orbitals [27] , where the CI structure is represented by the m-scheme density-matrix elements [25, 28] . The s, p, d pseudo-orbitals were obtained by performing a nature orbital transformation [27] .
The ionization cross section
The quality of the description of the continuum is tested by ionization cross sections, since there is no measurement data of ionization cross sections available for the 2 1 S state of helium. The present ionization cross section is displayed in figure 1 , along with the Born and binary-encounter approximation result of Ton-That et al [10] , the classical and semi-empirical binary encounter approximation result (CBEA and SBEA) of Margreiter et al [14] , the R-matrix with pseudostates approaches (RMPS) [18] and the latest 89-state CCC result [22] . The present ionization cross section is estimated by equation (11) via an ab initio polarization potential. Hartree-Fock orbitals are used to model the state of the target. The only approximation that has been used is the neglect of the coupling of channels within the Qspace. An equivalent-local approximation has been made for the matrix elements of the polarization potentials. The present results have the similar shape with the result of Born full-range potential approximation, binary encounter calculation and CCC-89 calculation that have been fitted to an analytic expression including a set of fitting coefficients. The present result is higher in magnitude than cross sections of the CCC-89 and RMPS, but lower than the cross sections of binary encounter and Born approximation under impact energy 100 eV; the present results also tend to merge with the SBEA and binary encounter approximation above 100 eV. Thus, we can conclude that all these theoretical calculations tend to differ among each other and more discerning theoretical and definitive experimental measurements are sorely needed.
The total cross section
The present total electron scattering cross section for the excited 2 1 S helium atom is displayed in figure 2 and compared with experimental data from Wilson et al [4] and other theoretical calculations of 5-state RMM [12] and 75-state CCC [21]. The present results are in excellent agreement with the experimental data in the lower impact energy region of 1-8 eV. Due to the absence of experimental data for E > 10 eV, no definitive conclusions can be made for the CCO and CCC-75 methods.
In order to check the overall quality of the present description for electron scattering by metastable helium, we also presented our total scattering cross section for electron scattering from the 2 3 S state of helium [24] with the latest experiment data of Uhlmann et al [8] , along with calculation results of the sophisticated theoretical methods: 46-state RMPS [17] and 75-state CCC [21] in figure 3 . The comparison demonstrated that the present results are in excellent agreement with the experimental measurements of Uhlmann et al in the impact energy range. The present results are also in close agreement with the results of RMPS and CCC calculations (<40 eV). It is noted that the CCC cross sections are higher than experimental data in the range 40-70 eV. A number of calculations have emphasized the significance of the polarization potential in electron scattering from the excited atom. The present calculation indicates that the physical channels we used in the P-space are sufficient to ensure convergence and an ab initio polarization potential with an equivalent-local approximation is able to predict the trends of the experiment data, but for the impact energies less than 1 eV, results from the CCO model have significant differences with experimental data as well as the results from the CCC and RMPS model.
The excitation cross section
The integral cross sections for electron excitation out of 2 1 S into the higher levels n 1 L and n 3 L (n = 2, 3) as a function of the incident electron energy are shown in figures 4, 6-10 separately and compared with results from various calculation models. However, there are no available experimental measuremental data to be compared. 3.3.1. Integral cross section for the 2 1 S-2 1 P transition. For the resonant transition of 2 1 S-2 1 P, the integral cross section is shown in figure 4 with available theoretical calculation results: MET [9] , Hartree frozen-core approximation [11] , RMM [13] , DWA [15] and CCC-89 [22] . Our results have the same qualitative shape with the results of DWA [15] , but the values of the present cross sections are little lower than the values of DWA. The differences between the results can be attributed to the differences in the treatment of distortion of the continuum electron in these two models [15] . The present calculation predict the same magnitude and energy dependence of the integral cross section with CCC in the energy region from 1 eV to 10 eV. This is plausibly due to the CCC and CCO utilize channel couplings to account for target polarization. However, results from the CCO and CCC models diverge from each other above 10 eV.
It is noticeable that significant differences occur among all theoretical calculations. In figure 5 , we exhibit the comparison of the present CCO excitation cross section for 2 3 S-2 3 P obtained from calculation [24] with the latest experimental data of Uhlmann et al [8] , Piech et al [6, 7] and the current sophisticated computational results of 46-state RMPS [17] and CCC-89 [22] results. This figure shows that our results are almost the same in magnitude and energy dependence of the integral cross section as results from RMPS-46 and CCC-89. It is not surprising, since RMPS, CCC and CCO models are based on channel-coupling approximation. The main difference is the treatment for the target continuum, but very good agreement can be found for ionization cross section obtained by these theoretical models [18, 24] . The very close agreement among three independent calculations seems to indicate that same target polarization effects have been accounted similarly in this case.
Integral cross section for spin-allowed transitions:
The present excitation cross sections of 2 1 S-3 1 S and 2 1 S-3 1 D are displayed in figures 6 and 7 respectively. Again, due to the absence of experimental data, only theoretical methods (MET [9] , RMM [13] , DWA [16] and CCC-89 [22] ) are presented. In general, all theoretical calculations show similar qualitative trends at E > 20 eV but some strong disagreements at lower impact energies. Figures 8-10 show the sets of theoretical integral cross sections for the pure exchange transitions: 2 1 S-2 3 P, 2 1 S-3 3 S, 2 1 S-3 3 P. The cross sections for the spin-forbidden transitions are dominated by short-range exchange potentials.
Integral cross section for spin-forbidden transitions:
There are significant discrepancies among all different theoretical calculations at lower impact energies below 20 eV. Above 20 eV, the results of the present calculation, RMM [13] , DWA [15, 16] , CCC-89 [22] , seem to trend to merge. The present results are close to the RMM results at energies above 20 eV. We find that our results have a similar energy dependence of the integral cross section with the CCC-89 and other theoretical calculations, but have minor differences in magnitude. However, for energy less than 20 eV, there are substantial discrepancies in the predicted integral cross sections. 
3.3.4.
Differential cross section for the 2 1 S-2 1 P transition. The differential cross section is the most sensitive test for theoretical models. In order to shed light on this issue of the excited cross section for the 2 1 S-2 1 P transition, we present the CCO differential cross section for the 2 1 S-2 1 P transition in figure 11 . The present CCO differential cross section is compared with calculation results of FOMBT [15] and present CC (without optical potential). The differences at backward scattering angles show the effects of polarization potential that reduce the values of the differential cross section at middle and backward scattering angles. Results of FOMBT are closer to those of CC than those of CCO.
Conclusions
We have performed systematic calculations for cross sections of electron scattering by helium from its metastable 2 1 S state to the higher excited states n 1 L, n 3 L. The effects of polarization potential are studied in the CCO model. At low energies, discrepancies among results of different theoretical calculations are caused probably by different treatment of the target polarization. Polarization interaction plays a very important role for excitation cross sections at low impact energies. The polarization potential has a significant effect on DCS at middle and backhand scattering angles.
